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Abstract 
 
 Polyfluorinated compounds (PFCs) are a class of anthropogenic chemicals that 
have been found in groundwater and wastewater around the world.  Perfluoroctane sulfonate 
(PFOS) and perfluoroctanoic acid (PFOA) are primarily used for industrial surfactants, and 
aqueous film forming foams (AFFFs). These PFCs and many of their constituents have been found 
to be carcinogenic to humans and other animals. A simple method for defluorination of these 
compounds is needed. Advanced oxidation of PFOS, PFHxS, and PFBS-k was carried out using 
activated sodium persulfate through ultrasonic irradiation with the following condition; [PFC] = 
20 millimolar (mM), [Na2S2O8] = 25 mM, pH = 7, and 25°C. Fluoride concentrations were 
quantified by ion chromatography (IC). In laboratory experiments, batch reactions of PFBS 
solutions were conducted in purified water at different pH conditions and N2S2O8: PFBS molar 
ratios of 1:1, 2:1, 10:1, and 100:1 respectively.  Solution pH was maintained at 7 using HNO3. Of 
the three compounds, PFHxS had the greatest defluorination (11%) after 120 minutes reaction 
time. However, PFBS-K had the greatest increase in defluorination (115%) between the control 
ultrasound (US) experiment and the combination experiment. When Na2S2O8 was increased, the 
defluorination ratio of PFBS decreased. This decrease was partly attributed to scavenging 
reactions between SO4¯• and S2O8²¯. These results show a synergism between ultrasonic 
irradiation and activated sodium persulfate as a form of advanced oxidation. Recommendations 
for further research into defluorination of PFOS and its constituents by ultrasonic degradation 
include: the use of high performance liquid chromatograph with accompanying mass 
spectrometry (HPLC/MS), the use of an ultrasonic probe with alternate frequencies, and the 
effects of surface tension on defluorination.   
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Chapter 1: Introduction 
 
Polyfluorinated compounds (PFCs) are a class of anthropogenic chemicals that have been 
incorporated into a vast variety of products within the last several decades. The primary 
compounds best known as PFCs are perfluorosulfonates (PFSAs), which includes perfluoroctane 
sulfonate (PFOS), and perfluorocarboxylic acids (PFCAs), which contains perfluooctanoic acid 
(PFOA). These chemicals have been used as coating agents for nonstick cookware, carpets, and 
clothing, packaging coatings, industrial surfactants, emulsifiers, electrical wire casings, chemical 
resistant tubing, and aqueous film forming foams (ATSDR 2018).  Concerns for these chemicals 
has increased due to their adverse characteristics which include but are not limited to: toxicity, 
food chain bioaccumulation, half-life longevity in humans, and high degradation resistance.  
Figure 1 illustrates the chemical structures of various perfluorsulfonic acids, categorized by their 
carbon chain length group. This research focused on the degradation of three 
perfluorosulfonates utilizing the combination of ultrasonic irradiation and sodium persulfate. The 
perfluorosulfonates in question are potassium perflurooctanesulfonate (PFOS), 
tridecafluorohexane-1-sulfonic acid potassium salt (PFHxS), and potassium nonafluro-1-
butanesulfonate (PFBS-K).  
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Chapter 2: Background 
 
PFOS, PFHxS, and PFBS-K are compounds for which fluorine has replaced hydrogen on all 
the carbons within the compound, except the carbons associated with functional groups. The 
fluorinated regions allow for unique physical and chemical characteristics, including thermal 
stability, hydrophobic and surfactant properties. Table 1 contains the properties and chemical 
formulas of each of these compounds as well as the sodium persulfate, the oxidant used for 
degradation. Appendix A contains the control ultrasound and sodium persulfate results. 
Appendix B contains the ultrasound and sodium persulfate combination results.  
 
 
These properties were perfect for extinguishing aqueous film forming foams (AFFFs) (EPA 
2016; Place 2012). With the increase in PFC production, government and regulatory bodies have 
been working towards regulating the production of these compounds (Zushi, 2011). The EPA has 
collaborated with several companies working toward voluntarily discontinuing the production of 
PFOS and its related compounds between 2000 and 2002. Additionally, in the U.S., a series of 
Significant New Use Rules (SNUR) were established to restrict the use of materials that contained 
these compounds. Most recently, the EPA established the PFOA Stewardship Program that aimed 
Perfluorinated Compound CAS Number MW 
Chemical 
Formula 
Potassium Perfluorooctanesulfonic Acid (PFOS) 2975-39-3 538.22 g/mol C8F17KO3S 
Potassium Perfluorohexane-1-sulfonate (PFHxS) 3871-99-6 438.20 g/mol C6F13KO3S 
Potassium Perfluorobutane-1-sulfonate (PFBS) 29420-49-3 338.10 g/mol C4F9KO3S 
Sodium Persulfate  238.10 g/mol N2S2O8 
Table 1: Properties and Chemical Formulas for Perfluorinated Compounds and Sodium Persulfate. 
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to reduce the emissions of PFOA by 95% by 2010 and to eliminate long-chain PFCs by 2015 
(USEPA, 2001).   
 
A 2001 study found the presence of PFOS in the blood of many wildlife species found from 
a wide range of locations across the world (Giesy 2001). This sparked concern after PFCs were 
found in both humans and the blood of animals inhabiting locations far from human interaction 
(Houde 2006, Butt 2010). The variety in locations lead to the understanding that PFCs undergo 
transportation from temperate regions to Polar Regions where they can accumulate 
uninterrupted. Additionally, animals that are well known to accumulate persistent organic 
Figure 1: General structures for perlfuorsulfonic acids  
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pollutants (POPs) were found to be susceptible to accumulating PFOS as well as other long chain 
PFCAs (Smithwick 2006, Butt 2008). Other studies have documented PFC concentrations in 
waterbodies worldwide. Areas with direct industrial emissions have been documented with the 
highest concentrations of PFCs ranging from 11000 ng/L (Saito 2004, Nakayama 2010). PFOS 
levels within the ocean are typically lower by around 3 orders of magnitude (Yamashita 2005).  
 Another environmental concern is the bioaccumulation through food chains. Long chain 
length compounds with 8 fluorine carbon bonds are more bioaccumulative than those with fewer 
(Conder 2008, Martin 2003). In rodents and monkeys, PFOS exposure increased liver weight, 
decreased body weight, and showed a steep dose response curve for mortality (Saito 2004). By 
exposing rodents to high PFOS levels in their food, a 2002 study observed an increase in 
hepatocellular adenomas and thyroid follicular cell adenomas (3M Company, 2002). Similarly, 
pregnant mice who were fed PFOS showed reduced growth rate for pups as well as neonatal 
mortality (Lau, 2007). It was discovered that the PFOA pathway for carcinogenicity is mediated 
by the peroxisome proliferator-activated receptor-alpha (PPAR-α) pathway (USEPA Science 
Advisory Board, 2006). However, within humans, the importance of this pathway is strongly 
debated. 
 While the documentation of PFOS toxicity in animals has shown relatively consistent 
results, the documentation of health effects in human workers exposed to these compounds has 
been inconsistent (Steenland, 2010). A 2003 study of PFOS and PFOA concentration in workers 
found that circulating blood levels of PFCs were hundreds of times more than those who do not 
work in an occupation that has exposure to these compounds (Olsen, 2003). However, these 
results are hardly conclusive, due to the small population of those who are exposed to these 
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compounds and at what levels of exposure is difficult to ascertain. Additionally, those who are 
exposed to PFCs are usually exposed to other compounds that might have similar toxicities which 
would interfere with the data. An increase in bladder cancer mortality from a yearlong exposure 
to PFOS was discovered by a 2003 study (Alexander, 2003). A subsequent reevaluation of this 
study in 2007 observed that the increase in bladder cancer mortality was similar to that of the 
general U.S. population (Alexander, 2007). Studies that focus on the general population have also 
shown inconsistent results. Nevertheless, the studies suggest a number of important potential 
health effects. Some key findings from these studies found decreased sperm counts (Joensen, 
2009), a decrease in birth weight and size (Apelberg, 2007), thyroid disease (Melzer, 2010), and 
elevated cholesterol (Nelson, 2010). In response to the widespread environmental 
contamination and potential health issues, the U.S. EPA has issued various provisions and health 
advisories for PFOS and PFOA in drinking water (ATSDR, 2018). Their advisories state to consume 
below 200 ng/L PFOS and 400 ng/L PFOA (ATSDR, 2018).  
 Remediation and treatment of PFOA and PFOS has been found to be challenging. Several 
technologies have emerged over the years including adsorption, advanced oxidation, filtration, 
sonochemical decomposition, and air-sparged hydrocyclone (ASH) technology. Currently the 
most common remediation technique for water is the use of granular activated carbon (GAC) to 
adsorb the pollutants (Fujii, 2007). Studies have found that GAC can consistently remove PFOS 
concentration at the microgram per liter scale with an efficiency of greater than 90% (Fujii, 2007). 
However, organic matter within wastewater samples has shown a decrease in PFC removal due 
to competition (Fujii, 2007).  Filtration has also shown high removal efficiency with around 99% 
removal of initial concentrations ranging from 0.5-1500 mg/L (Tang 2006). These authors also 
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observed that with increased PFOS concentrations came a decrease in permeate flux. 
Additionally, most wastewater contaminated with PFOS required pre-treatment before reaching 
the membrane or reverse osmosis (RO) system.  
 PFOS and PFOA are resistant to oxidation due to the strength of the carbon-fluorine bonds 
that make up the PFC compounds. Being the most electronegative element, fluorine resists 
oxidation.  Furthermore, fluorine is the most powerful inorganic oxidant with a reduction 
potential of 3.6 V (Wardman, 1989). This reduction potential makes fluorine thermodynamically 
unfavorable when trying to form the fluorine atom with any one-electron oxidant. In order to 
overcome the difficulty associated with fluorine, studies have tested a wide range of reagents 
and advanced oxidation processes (AOPs). Advanced oxidation processes have been utilizing 
powerful hydroxyl or sulfate radicals as primary oxidizing agents since the 1980s. Further use of 
AOPs became broadly applied in wastewater treatment due to the degradation ability of these 
radicals to destroy organic and inorganic pollutants. AOPs differ from oxidants such as chlorine 
due to their rare use as disinfectants. Hydroxyl radicals have a rather short half-life causing the 
detention times for disinfection to be prohibitive as the radical concentrations are low 
(Tchobanoglous, 2003). However, these radicals are extremely powerful at deconstructing 
pollutants into less, or even non-toxic, products.    
 A number of studies found that the highly reactive sulphate and hydroxyl radicals could 
drive the oxidation process and degrade PFOA to fluorine and carbon dioxide (Ross, 2012; Hori, 
2005; Wang, 2010). However, smaller chains of pefluorocarboxylic acids formed during initial 
oxidation requiring further oxidation to completely mineralize the compounds. This degradation 
was accomplished with light-activated persulfate with 50 mM [S2O8] ¯² and 4 hours of irradiation. 
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Further research found that heat-activated persulfate could also effectively degrade PFOA (Hori, 
2008).  374 micromoles of PFOA and 50.0 micromoles of sodium persulfate were heated to 80°C 
for 6 hours (Hori, 2008). Their estimated yield of fluorine ions and carbon dioxide molecules were 
77.5% and 70.2% respectively conclusively demonstrating mineralization of PFOA. However, 
degradation of PFOS and PFOA at the mg/L level has been found ineffective when using advanced 
oxidation processes.  
 Sonochemistry is defined by the utilization of acoustic fields to generate chemical 
reactions within a solution. Sound waves cause bubbles in solution to collapse resulting in high 
vapor temperatures that catalyze pyrolysis and combustion of chemicals. A 2005 study found 
pyrolysis would decompose PFCs at the bubble – water interface (Moriwaki, 2005). The 
sonochemical mechanism works by applying an ultrasonic field to an aqueous solution in order 
to begin nucleation of cavitation bubbles. The bubbles will expand until reaching a radius 
maximum. Transient bubbles then undergo a quasi-adiabatic compression which releases kinetic 
energy resulting in high temperatures, on average 5000 K (Didenko, 1999; Ciawi, 2006). 28% PFOS 
decomposition after 60 minutes under air atmosphere was reported by a single study (Moriwaki, 
2005). Recently, studies have shown that organic matter does not affect degradation rates of 
PFCs due to preferential adsorption of PFCs to the bubble – water interface (Cheng, 2008).    
This research investigated the effectiveness of advanced oxidation for treating PFOS 
contaminated water. It was hypothesized that PFOS degradation can be achieved in water by a 
combination of ultrasonic irradiation and sodium persulfate. It was also hypothesized that higher 
doses of sodium persulfate would achieve greater PFOS degradation. Therefore the following 
objectives were formed: 
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 Develop a method to perform equilibrium batch reactor ultrasonic irradiation 
experiments with PFC contaminated water, 
 Develop a method to quantify defluorination of PFOS, PFHxS, and PFBS-K using the Ion 
Chromatograph (IC) in the Worcester Polytechnic Institution (WPI) Environmental 
Engineering Lab,  
 Evaluate the effect of ultrasound and sodium persulfate on defluorination of PFOS, PFHxS, 
and PFBS-K. 
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Chapter 3: Methodology 
Chemicals 
 
 Potassium perflurooctanesulfonate 98%, Tridecafluorohexane-1-sulfonic acid potassium 
salt 98%, and Potassium nonafluro-1-butanesulfonate 98% were purchased from Aldrich (ST. 
Louis, MO). Sodium Persulfate 98% and Sodium Sulfate Anhydrous were purchased from Fisher 
Scientific (Pittsburg, PA).  
Experiments 
 
 All water used was purified with a Barnstead Nanopure water system (Barnstead 
RO/Nanopure system, Thermo Scientific, Marietta, Ohio). Glassware used was rinsed 4 times with 
tap water, and then rinsed 4 times with purified (DO) water. Finished solutions were disposed 
within labeled hazardous waste containers. Their beakers were rinsed 4 times with a combination 
of tap water and dish soap, then rinsed 4 times with purified water. The glassware was then air 
dried for 24 hours before being washed and used again.  
Laboratory and Sample Preparations 
 
Before solutions were prepped the sonicator (Qsonica Q700, 100W, 20kHz, USA) and the 
water cooling system were powered on. The cooling pump was monitored until the desired 
temperature of 25°C was reached before continuing with the experiments. 2 milliMolar (mM) 
stock solutions were prepared for all three perfluorinated compounds in 500 mL beakers. These 
solutions were labeled and covered with Parafilm M, all-purpose laboratory film, then stored in 
a hood until ready to be used. The experimental solutions were prepared by taking 5 mL of the 
desired 2 mM stock solution and adding it to 500 mL of purified water. Solutions were stirred for 
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5 -10 minutes on a magnetic stir plate, or until particulates in solution became fully dissolved. For 
ultrasound control experiments, no sodium persulfate was added to the experimental solution. 
Rather, the 500 mL beaker was placed directly into the sonication booth (Figure 2) and sonicated 
for 120 minutes with samples drawn every 15 minutes. For sodium persulfate control 
experiments, 25 mM of Na2S2O8 were added to the 20 mM experimental solution, covered and 
left on a magnetic stir plate for 120 minutes, with samples drawn every 15 minutes. 
Figure 2: Laboratory set up for ultrasonic irradiation with QSonica Q700 
and water cooling system 
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Ultrasonic Degradation using Sodium Persulfate and Ion Chromatograph Analysis 
 
Ion chromatography (IC) analyses were preformed to determine fluoride concentrations 
in the samples. Prior to IC analysis, fluoride calibration curves were generated using 10, 50, 100, 
300, 600, and 1000 μg/L fluoride standard solutions (Appendix C contains these curves). A 
method for ultrasonic irradiation of perfluorinated compounds using activated persulfate ions 
was developed. The following steps were followed to perform the sonication and IC analysis of 
PFCs: 
1. Using an electronic scale, a foil crucible was weighed and zeroed.  
2. Sodium persulfate (Na2S2O8) was measured in the foil crucible to the desired mass. 
The white powder was then added to the 20 mM experimental solution.  
3. In order to reach the desired pH of 7, 1 N sodium hydroxide (NaOH) was added to 
the solution.   
4. The solution was magnetically stirred for 5 minutes before being transferred to 
the sonication booth.  
5. Once in the booth, the sonication probe was lowered halfway into the 500 mL 
solution.  
6. The initial sample, at t=0, was taken when the sonication probe was first plunged 
into the sample, but before the sonication began. Once that sample was drawn, 
the sonication booth door was sealed and the sonication process was initiated. 
Sample t = 120 min was drawn after the sonicator was stopped at its allotted 2 
hour run time.  
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7. 5 mL of the solution was transferred to IC vials every 15 minutes.  Samples were 
capped.  
8. The IC vials were placed in a Dionex Autosampler. 
9. Chromeleon, a Thermo Fisher Scientific software package, was used to program 
methods and sequences to run and analyze samples through the IC.  
10. 100 mL of each sample was injected into the IC by the Dionex automatic sample 
injector using an autosampler syringe.  
11. The injected sample was analyzed by a 2100 Series Ion Chromatograph from 
Dionex.  
Fluoride and sulfate ion concentrations were measured with a Dionex ICS-2100 (manufacturer, 
location) which consisted of a Dionex automatic sample injector, a degasser, a pump, a guard 
column, a separation column, and a conductivity detector with a suppressor device. The mobile 
phase was an aqueous solution containing NaHCO3 (1.7 mM) and Na2CO3 (1.8 mM). The flow rate 
was 2 mL/min.  
The amount of fluoride (C0) in each compound was calculated as follows: 
𝑇𝑜𝑡𝑎𝑙 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐹𝑙𝑢𝑜𝑟𝑖𝑑𝑒 (𝐶𝑜) = 𝑋0 ∗ 19 ∗ 𝑁                                  (1) 
Where X0 is the initial concentration (mM), 19 is the molar mass of fluoride (g/mol), and N is the 
number of fluoride molecules in 1 mole of the compound.  
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Acid Digestion 
 
Acid digestion was performed to evaluate defluorination of PFCs by nitric acid. The following 
method was followed for the acid digestion of the samples: 
1. 5 mL of concentrated HNO3 was combined with 50 mL of 2 mM PFOS solution. 
2. The solution was heated on a hot plate to bring volume down to 5 ml. 
3. The solution was brought back up to desired volume (5 mL) with purified water. 
4. Due to the viscous nature of the solution, a filter was used to remove excess foam. 
5. A 5 mL IC vial was filled with solution. 
6. The sample was placed in the IC making sure to label the sample “Acid Digestion.” 
A control test was also completed, where steps 1-6 were followed but with only HNO3 and 
purified water.  
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Chapter 4: Results & Discussion 
 
Experiments to determine the effect of activated sodium persulfate and ultrasound on 
the degradation of PFCs were done at an initial neutral pH of 7. The sodium persulfate doses used 
were 25, 50, 250, and 2,500 mM.  A fluoride calibration curves was generated using 10, 50, 100, 
300, 600, and 1000 μg/L fluoride standards which can be seen in Figure 3. This curve was used to 
quantify fluoride levels in multiple experimental runs and their IC results can be found in 
Appendix C.  
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Figure 3: 99.99% Calibration curve for fluoride generated using 10, 50, 100, 300, 600, and 1000 μg/L fluoride 
standards. 
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Defluorination of PFCs 
  
 US degradation (100W, 20 kHz) of 20 mM PFOS with 25 mM sodium persulfate and 
without sodium persulfate was conducted for 120 minutes. Fluoride degradation was calculated 
through the following equation: 
𝐹 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 % =
𝐶0−𝐶
𝐶0
𝑥100                                             (2) 
Where C0 is the initial amount (μg/L) of fluoride in 20 mM PFOS (associated with the organic PFS 
molecules), and C is the number of fluoride (μg/L) that remained with the organic PFS molecules 
after 120 min retention time. C was calculated by  
𝐹𝑙𝑢𝑜𝑟𝑖𝑑𝑒 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝐶) = 𝐶0 − 𝐶𝑟                                    (3) 
Where Cr is the concentration of free fluoride (μg/L) liberated from the organic PFAS molecules 
due to defluorination after 120 minutes of reaction. Control experiments were conducted to 
determine whether exclusively sodium persulfate or exclusively ultrasound would cause 
defluorination of the target compounds. Results for the control sodium persulfate experiments 
showed less than 0.1% defluorination. This corroborates similar findings that illustrate sodium 
persulfate alone is not able to degrade perfluorinated compounds (Lin, 2015), presumably 
because the oxidation strength of persulfate is not strong enough to break C-F bonds.  
When exposed solely to ultrasound for 120 minutes, PFHxS released the most fluoride 
molecules at 558.8 μg/L (11% defluorination). US of both PFOS and PFBS resulted in low amounts 
of defluorination: PFOS released 92.89 μg/L fluoride (1.4%) and PFBS-K released 140.36 μg/L 
fluoride (4.2%). When subjected to both ultrasound and 25 mM sodium persulfate, both PFOS 
16 
  
and PFBS showed greater defluorination after 120 minutes than US alone. Figures 5, 6, and 7 
compare each compound’s degradation under different combination of US and persulfate. 
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Figure 5: Effects of persulfate addition on defluorination of PFHxS ([PFHxS]0 =20mM; [Sulfate]0 = 0mM, 25mM; initial pH = 
7; T = 25 C; power = 100W). 
Figure 4: Effects of persulfate addition on defluorination of PFOS ([PFOS]0 =20mM; [Sulfate]0 = 0mM, 25mM; initial pH = 7; T 
= 25 C; power = 100W). 
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Sodium persulfate addition to the ultrasound system resulted in greater defluorination of 
PFOS and PFBS respectively. Only PFHxS showed little to no change in defluorination after 120 
minutes. PFOS had a 27% increase in fluoride concentration with the addition of 25 mM sodium 
persulfate. Similarly, US of PFBS produced the greatest increase (115%) in fluoride concentration 
after addition of 25mM sodium persulfate. However, the increase in fluoride concentration only 
amounted to defluorination ratios of 1.7% and 8.9% for PFOS and PFBS-K, respectively.   
 In 2015 Lin et al. reported two reactions through which PFOA removal is achieved with 
treatment using ultrasound and sodium persulfate. They entitled the two reactions the “direct” 
and “indirect” reaction (Lin, 2015).  The “direct” reaction describes the process of bubble 
formation and destruction known as cavitation.   Perfluorinated compounds have strong 
polarities, therefore, when exposed to cavitation they migrate to the bubble-water interface 
(Zhao, 2008). At this interface, interfacial tension is decreased allowing for better adsorption. 
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Figure 6: Effects of persulfate addition on defluorination of PFBS-K ([PFBS-K]0 =20mM; [Sulfate]0 = 0mM, 25mM; initial pH = 
7; T = 25 C; power = 100W). 
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Therefore, when cavitation occurs the target compounds are adsorbed onto the bubble surface 
and destroyed when the bubble erupts. The “indirect” reaction refers to the formation of sulfate 
ions during ultrasonic irradiation. This formation occurs through the following equations: 
𝐻2𝑂 → 𝑂𝐻 • +𝐻 •                                                (4) 
𝑂𝐻 • +𝑆𝑂4
2− → 𝑂𝐻− + 𝑆𝑂4
− •                                          (5) 
𝑆𝑂4
− • +𝑃𝐹𝑂𝑆 → 𝐹− + 𝐶𝑂2 + 𝑆𝑂4
2−                                (6) 
In order to test the effects of higher sodium persulfate dosage, PFBS was chosen as the primary 
contaminant due to the fact that it had the greatest increase in defluorination at 25 mM sodium 
persulfate dose. Figures 8 shows PFBS exposed to increasing amounts of sodium persulfate.  
 
 
Figure 7: Effects of persulfate dosage on defluorination after 120 minute reaction time. 
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With a small increase in persulfate concentration, the amount of free fluoride increased. 
However, once the persulfate concentration increase beyond 25 mM, lower amounts of fluoride 
were released.  This phenomenon was illustrated in 2013 by Hao et al. when analyzing 
sonochemical degradation of ammonium perfluorooctanoate with persulfate addition. This 
phenomenon occurs due to excessive SO4¯˙ which can cause the following reactions: 
𝑆𝑂4
− • +𝑆2𝑂8
2− → 𝑆𝑂4
2− + 𝑆2𝑂8
− •     k = 6.1 x10⁵ M¯¹ s¯¹               (7) 
  𝑆𝑂4
− • +𝑆𝑂4
− • → 𝑆2𝑂8
2−              k = 4 x 10⁸ M¯¹ s¯¹                  (8) 
These reactions could compete with the PFBS/ SO4¯˙ reaction; therefore, higher dosages of 
sodium persulfate could impede defluorination of these compounds. Follow up tests with PFOS 
that illustrate this phenomenon are shown in Figure 9. The IC results for PFOS can be found in 
Appendix B.  
 
Figure 8: Sulfate interference with defluorination of PFOS at higher sodium persulfate dose. 
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The Effects of pH and Temperature on Defluorination 
 
 The effects of temperature and pH on perfluorinated compounds have been studied in 
various previous reports. Several studies observed that the degradation rate was highest at a pH 
of 6.0 and would decrease with either an increase or decrease in pH (Hao, 2014; Liu, 2012; Liang, 
2007). They attributed the observation to formed SO4¯• undergoing the following reactions: 
  𝑆𝑂4
− • +𝐻2𝑂 → 𝑂𝐻 • +𝐻
+ + 𝑆𝑂4
2−                                   (9) 
at all pHs and, 
  𝑆𝑂4
− • +𝑂𝐻−  → 𝑆𝑂4
2− + 𝑂𝐻 •                                       (10) 
at alkaline pH.  
The generated OH• has been shown poor reactivity with PFCs in aqueous solutions (Lutze, 
2018). Therefore, in alkaline pH solution OH⁻ could be a scavenger for SO4⁻, and result in 
decreased PFC degradation. While acidic solutions, SO4⁻• creation could increase due to acid 
catalyzation (Liang 2007). The higher SO4⁻• generation could favor reactions between radicals, 
reactions between radicals and scavengers, or reactions between radicals and organics shown in 
equation 7 and 8. Ultimately, higher pH conditions inhibit the persulfate oxidation of PFCs more 
than lower pH conditions (Hao 2014). Additionally, pH values were gathered before and after 120 
minutes reaction time to investigate whether any pH changes occur due to the reactions. During 
these tests, initial pH was not fixed to 7, but rather, unaltered and recorded in Table 2.  
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Table 2: pH values before and after 120 minutes of ultrasonic irradiation. 
 
Temperature effects have also been previously studied. It was observed that 25°C 
provides the greatest effectiveness for degradation and defluorination for the temperatures 
evaluated (Lin, 2015). This is suspected to be partially due to lower surface tension at higher 
temperatures, which can interface with cavitation at the bubble-water interface. Additionally, 
oxidant-assisted ultrasound has been found to have an optimal temperature of 25°C for its 
reaction kinetics (Liu, 2012).  
Acid Digestion of Perfluorinated Compounds 
 
Acid digestion was run in order to determine if perfluorinated compounds could be 
degraded to their constituents by nitric acid. The test resulted in a heavy viscous solution that 
had to be filtered before IC analysis. The digestion process resulted in heavy foaming due to the 
surfactant properties of PFOS. Figure 10 illustrates the control versus the digestion of PFOS. The 
results show that after 4 hours of heating and 24 hours of cooling, digestion released 1.14 μg/L 
of fluoride which equates to a defluorination ratio of 0.02.  This amount is more than contact 
with sodium persulfate, but much less than the combination of ultrasound and sodium 
persulfate. Further digestion attempts were not pursued.  
Test Compound Initial pH Final pH 
1 PFBS 5.54 4.20 
2 PFBS 5.61 4.47 
3 PFBS 5.15 4.25 
1 PFHxS 5.22 4.04 
2 PFHxS 5.04 3.94 
3 PFHxS 5.78 4.32 
1 PFOS 5.70 4.68 
2 PFOS 4.32 4.01 
3 PFOS 5.17 4.79 
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Figure 9: Acid Digestion IC Results 
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Chapter 5: Conclusions 
 
The intent of this research was to determine the effectiveness of ultrasonic irradiation 
and sodium persulfate oxidation of water contaminated with three perfluorosulfonates (PFOS, 
PFHxS, and PFBS-K), as well as the optimum dosage of Na2S208 for the treatment of 
perfluorosulfonates. Ultrasonic irradiation and sodium persulfate were found to be synergistic as 
a form of advanced oxidation. A combination of 25 mM Na2S208 and 120 minutes of ultrasonic 
irradiation (100W, 20 kHz) was found to cause greater defluorination in both PFOS and PFBS than 
with just one treatment process. The combination of US and Na2S2O8 increased defluorination in 
PFOS by 27% and PFBS by 115%. However, when the Na2S2O8 dosage was increased, the 
defluorination ratio in PFBS decreased drastically. The drastic decrease in defluorination was 
attributed to high scavenging potential of SO4¯•. Therefore, the greatest dosage of Na2S2O8 was 
found to be 25 mM, or a 1:1 ratio of perfluorinated compound to sodium persulfate. Finally, acid 
digestion of PFOS was found to be an ineffective process of defluorination. 5 mL of HNO3 digested 
50 mL of 2mM PFOS. This digestion resulted in a defluorination ratio of less than 0.1%.  
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Chapter 6: Engineering Implications and Future Research 
 
 Ultrasonic irradiation as a process to activate sodium persulfate is effective at a laboratory 
bench scale. Results indicated that defluorination of perfluorinated compounds can be measured 
with ion chromatography. However, the actual degradation of these perfluorinated compounds 
should be investigated by direct measurements in the future. The use of a high-performance 
liquid chromatograph with accompanying mass spectrometry has been found to accurately 
measure PFC degradation (Lin, 2015; Zhao 2008). It would be beneficial to know if the PFCs are 
being broken down into smaller carbon chain compounds, which might account for the low 
defluorination ratios. Future research should be aimed at determining if ultrasonic irradiation 
combined with activated sodium persulfate causes smaller carbon chain formation.  
 Past research has shown that surface area plays a role in ultrasonic degradation of PFOA 
(Lin, 2015; Liu, 2012). Future research should consider the effectiveness of increased cavitation 
on PFOS and its constituents. Previous work has shown higher frequencies produce heightened 
cavitation and greater bubble production. By using a sonicator that can vary frequency it may be 
found that PFCs degrade greater within a specific frequency range. Higher frequencies mean 
higher energy costs, but research needs to be done to determine what optimal energy input is 
required for greater defluorination.  
 Other ways to remove PFCs exist and should be investigated. Granular activated carbon 
(GAC) is the leading removal technique for PFCs. However, this process is expensive and does not 
degrade the compound. Once adsorbed, the GAC filter needs to be disposed of accordingly. 
Disposal costs, manufacturing costs, energy costs, and ease of operation should all factor into 
choosing a treatment method. Investigating other forms of activating sodium persulfate could be 
25 
  
beneficial to lowering these costs. Similarly, analyzing at other advanced oxidation processes 
such as Fenton’s oxidation, or O3/UV would be useful in determining effectiveness of PFC 
removal.  
 A batch system laboratory bench scale was used in this research. The use of other reactor 
types should be considered for future tests. Continuous stirred tank reactors (CSTRs) or plug flow 
reactors (PFRs) provide a continuous flow of solution. CSTRs benefit from greater mixing for 
chemical addition and rapid stabilization of pH, temperature, and concentration. PFRs offer the 
ability of variable dosing. Multiple dosing or continuous dosing can be achieved in a PFR. Different 
configurations of these reactors should also be tested. Ultimately, varied reactor setups and 
types should be considered for future research.  
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Appendix A: Control Experiment IC Results 
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Appendix B: Experimental IC Results 
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